The Pasteurella multocida adenylate cyclase gene has been cloned and expressed in Escherichia coli. The primary structure of the protein (838 amino acids) deduced from the corresponding nucleotide sequence was compared with that of E. coli. The two enzymes have similar molecular sizes and, based on sequence conservation at the protein level, are likely to be organized in two functional domains: the amino-terminal catalytic domain and the carboxy-terminal regulatory domain. It was shown that P. multocida adenylate cyclase synthesizes increased levels of cyclic AMP in E. coli strains deficient in the catabolite gene activator protein compared with wild-type strains. This increase does not occur in strains deficient in both the catabolite gene activator protein and enzyme HI-glucose, indicating that a protein similar to E. coli enzyme III-glucose is involved in the regulation ofP. multocida adenylate cyclase. It also indicates that the underlying process leading to enterobacterial adenylate cyclase activation has been conserved through evolution.
The Pasteurella multocida adenylate cyclase gene has been cloned and expressed in Escherichia coli. The primary structure of the protein (838 amino acids) deduced from the corresponding nucleotide sequence was compared with that of E. coli. The two enzymes have similar molecular sizes and, based on sequence conservation at the protein level, are likely to be organized in two functional domains: the amino-terminal catalytic domain and the carboxy-terminal regulatory domain. It was shown that P. multocida adenylate cyclase synthesizes increased levels of cyclic AMP in E. coli strains deficient in the catabolite gene activator protein compared with wild-type strains. This increase does not occur in strains deficient in both the catabolite gene activator protein and enzyme HI-glucose, indicating that a protein similar to E. coli enzyme III-glucose is involved in the regulation ofP. multocida adenylate cyclase. It also indicates that the underlying process leading to enterobacterial adenylate cyclase activation has been conserved through evolution.
Cyclic AMP (cAMP) in Escherichia coli is known to play a regulatory role in gene transcription via its receptor protein, catabolite gene activator protein (CAP) (25) . Adenylate cyclase (AC) is the enzyme which converts ATP to cAMP. The AC structural gene (cya) of E. coli has been cloned and sequenced (1) , and a model for the regulation of AC activity has been proposed. On the basis of genetic experiments, it was suggested that the phosphorylated form of enzyme III-glucose, a component of the phosphotransferase system, is an activator of AC (9, 17) . When glucose transport takes place, the intracellular concentration of phosphorylated enzyme III-glucose decreases and correlates with a decrease in intracellular cAMP concentration. It has also been shown that the large increase of cAMP synthesis occurring in crp strains (deficient in CAP) (10) is dependent on the presence of enzyme III-glucose (4) . In addition, gene deletion experiments have indicated that the carboxy-terminal domain of the protein is required for the regulation of AC activity by enzyme III-glucose (4, 20) .
The cya gene of Erwinia chrysanthemi, another member of the family Enterobacteriaceae, has also been cloned and sequenced (5, 12) . Comparison of the amino acid sequences of E. coli and E. chrysanthemi AC indicated that the proteins were very similar. The similarity was too large to permit significant identification of functional residues in the protein.
This prompted us to sequence another gram-negative bacterium not closely related to E. coli.
In the present work, we have cloned and expressed in E. coli the cya gene of Pasteurella multocida from the family Pasteurellaceae, a gram-negative bacterium that is pathogenic for humans and animals (2) . DNA sequencing data and genetic studies lead us to propose that P. multocida AC shares functional organization and regulatory properties with AC of the family Enterobacteriaceae. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. The strains used in this work were E. coli K-12 derivatives (Table 1) . Plasmid pSa2O6T was a derivative of plasmid pSa2O6, a low-copy-number plasmid (3). pSa206T was obtained by replacing the kanamycin resistance gene of pSa2O6 by the tetracycline resistance gene. The growth medium was either Luria broth or minimal medium M63 (14) supplemented with the required amino acids (1 mM each), thiamine (5 ,ug ml-'), and different carbon sources (0.4% each). Transductions using Plvir were performed as described by Miller (14) . When required, ampicillin, chloramphenicol, and tetracycline were added at 100, 40, and 2 jig/ml, respectively.
Cloning and nucleotide sequence analysis. Genomic DNA from P. multocida CNP1 (NCTC 10322) (6) was kindly provided by F. Escande. After partial digestion with Sau3A, the DNA fragments, in the 2-to 10-kb range, were cloned into the unique BamHI site of plasmid pBR322. Nucleotide sequence analysis was performed by using subclones in the single-stranded phage vector M13mpl9 (15) . Unidirectional deletions were generated by using the Cyclone system (IBI) as recommended by the manufacturer. Nucleotide sequence was determined by the dideoxynucleotide chain termination method (22) when using Pollk or by a modified dideoxynucleotide chain termination method whenr using Sequenase (23 cAMP assays. The excretion of cAMP by bacteria was analyzed on maltose MacConkey plates by using strain TP610A as an indicator bacterium (4) . Strain TP610A is a spontaneous mutant of strain TP610 producing red colonies on maltose MacConkey agar when supplemented with a small amount of cAMP. A drop of an overnight culture of the strain to be analyzed was plated on a lawn of TP610A and then incubated at 37°C overnight. Strains excreting significant levels of cAMP produced a red halo on the plate around the culture drop because of the fermentation of maltose by the indicator bacterium. cAMP production was quantified by a radioimmunological assay (11) Nucleotide sequence accession number. The P. multocida cya sequence has been assigned GenBank accession number M68901.
RESULTS AND DISCUSSION
Cloning of P. multocida AC (cya) gene. We transformed an E. coli Acya mutant (TP610) with a plasmid library of P. multocida chromosomal DNA and screened for Cya+ clones on MacConkey maltose plates. Of several thousand transformants a few Mal' clones were found in which the cya deficiency of the recipient was complemented. To confirm that the phenotype was due to cAMP production, the variations in the amount of cAMP per milligram (dry weight) of bacteria in cells grown with pyruvate were measured. The cAMP values ranged between 35 and 2,000 pmol/mg (dry weight) of bacteria. The plasmid DNAs of the recombinants were then analyzed. Restriction site analysis of four plasmids indicated that they all had in common a 0.7-kb HindIllEcoRI fragment (Fig. 1) .
Nucleotide sequence of the cya gene and deduced amino acid sequence of its gene product. The 0.7-kb HindIII-EcoRI fragments of two plasmids, pPMA140 and pPMA150 ( Fig. 1 Comparison of the primary structures of P. multocida and enterobacterial ACs. As shown in Fig. 3 , the P. multocida protein shares several regions of identity with E. coli and E. chrysanthemi ACs. There are 325 identical amino acid residues in the three proteins, and an additional 139 residues are conservative replacements. The lengths of the proteins are very similar (838 residues for P. multocida, 848 for E. coli, and 851 for E. chrysanthemi), and very few insertions or deletions are necessary to produce the best alignment. In general, deletions and insertions are in regions that are likely to be folded into loops of variable length (as seen from the presence of proline and glycine residues in their immediate vicinity). The 23 C-terminal residues of the E. coli protein, which are completely different from those of the E. chrysanthemi counterpart, had been thought to be dispensable (5); they are replaced by a set of only 5 residues in P. multocida, thus substantiating this hypothesis. Regions of identity are clustered into four major and several minor groups, suggesting a modular organization of the protein.
The main regions of divergence are located near the NH2 terminus of the protein and in the region of residues 510 to 550. The former region cannot at present be related to a specific function of the protein, whereas the latter is a region that can be considered a hinge joining the catalytic and the regulatory domains of the protein (20) . Another feature of these proteins is the high amount of cysteine and histidine residues. This may be related to a metal requirement for activity or some yet uncovered regulatory process. P. multocida AC also shares with the enterobacterial enzymes a common regulatory pathway affecting gene expression. The start codon of the three genes is the unusual UUG codon. The same observation was also made in the case of the enterobacterial species Salmonella typhimurium, from which the nucleotide sequence of the cya gene transcription regulatory region has been determined (8, 24) . In the case of the E. coli cya gene, replacement of the UUG initiation codon by GUG or AUG has shown that the UUG codon has the lowest efficiency of translation (19) . It was therefore proposed that the UUG codon provides a mechanism for limiting cya expression.
Regulation of P. multocida AC activity in E. coli. The CAP-dependent activation of E. coli AC leading to the synthesis of a large amount of cAMP is easily visualized on MacConkey plates (see Materials and Methods). This cAMP TAGAGTACTTAGGTGGAGCGAATCTCATCATATCTGTGAGTGGAATATCATTTGAATTACGATCTCTTTAGTGCCCAAAGAAAGTGGAGTATTTAGATAAGCTACGTATTGAGCGCGCA   130   140  150  160  170  180  190  200  210  220  230 240 2TATCTGG0TCTTCT0GCGA3TTTCAGCACGTTTTTCAGTTACTTACGTTGTTGTTACATATTMCCACCCTMTCTGCCCGGCTACGTTGCTGACGCGCCTGTAGGGATTGCTGACTT   250  260  270  280  290  300  310  320  330  340 350 360 GTGA3TTCCCCCTACCAAAMCM5TATCT6CTCACMCCGTGCCGAGCTTAGAGCTMTCAGTCGCTGCTCCCGTCCTTCTCTTACCGTAGTACCMTGCCATTTTAGGTGTCTATGTG   370  380  390  400  410  420  430  440  450  460  470 TTGCTCGTsuAACACAAGTGAACTCGAGTATCATGCCACAAGACATCAGT   1330  1340  1350  1360  1370  1380  1390  1400  1410  1420  1430 1440 AGTAAAACGTTCAMAGCAGGGTGGTATGTGGTGAATCAAACACCAAGTGTTGCCGGCTTTGTACMAAMCGCTATACCGAATACAGTGAGAGTTTAMACAAMCTGGTCGCT TGGGCGTAT   1570  1500   1590  1600  1610  1620  1630  1640  1650  1660  1670 1680 TTTMATCGTATTCTCACCGCCAMTACCGACTTACACATTATTAGTCCCAATGTTTCCTTACAACCTTGCGGCATTTTGTCACCGAT TTACGTCTCTCATTTCCGGTCACAGTTTCCTCT   1690  1700  1710  1720  1730  1740  1750  1760  1770  1780 1790 1800 GTCACG00TGAGGATTT08CTCATGCTTGTGA0TTCGGGCTT9TTGTGGCAGTTACTTACCGTTGACCC0CCAAAATCACACAGTCAATCTCGCATTCAGCCAGTGAT   1810  1820  1830  1840  1850  1860  1870  1880  1890  1900  1910 1920 1490  1500  1510  1520  1530  1540  1550  1560 assay evaluation was used to analyze the production of cAMP by P. multocida AC in the E. coli crp strain. The 4-kb Hindlll fragment (Fig. 1) was inserted into HindIII-digested pSA206, a low-copy-number plasmid (3), to give pDIA1955. This plasmid was used to transform a Acya strain (TP9500) and a Acya Acrp strain (TP2339). The secretion of cAMP by the Acya Acrp strain containing the cyapM plasmid (pDIA1955) was analyzed on maltose MacConkey plates and compared with that of the same strain containing the cyaEC plasmid (pDIA1900), which carries the cya gene of E. coli (4). cAMP was excreted by both strains, as visualized by the red halos, but a smaller halo was observed with the strain containing the cyapM plasmid (pDIA1955). No halo was observed when the same experiment was carried out with a Acya Acrp Acrr strain (TP9512) deficient in AC, CAP, and enzyme III-glucose and containing the cyaEC or cyapM plasmid. These results indicate that P. multocida AC activity in E. coli crp strains is dependent on the presence of E. coli enzyme III-glucose. In order to quantify cAMP production, the Acya Acrp strain containing either the cyapM plasmid or the cyaEC plasmid was grown on pyruvate as the sole carbon source and total cAMP production during exponential growth was measured. The levels of cAMP thus obtained were compared with those obtained with the Acya strain containing the same plasmids (Table 2) . When the Acya Acrp strain was used as the host cell, higher levels of cAMP were observed with both plasmids. The level of cAMP obtained with the Acya Acrp strain containing the cyapM plasmid was lower than that obtained with the same strain containing the cyaEC plasmid, a result in agreement with the cAMP secretion level observed on MacConkey plates. With the Acya Acrp Acrr strain containing pDIA1956, a derivative of pSa206T containing the P. multocida cya gene, the level of cAMP was very low. It may be argued that the increase of cAMP synthesis in the crp strain (about fourfold) could be accounted for by an elevated level of expression of AC (the transcription of the cya gene of E. coli has been shown to be negatively regulated by CAP-cAMP). However, the fact that the Acya Acrp and Acya Acrp Acrr strains expressing the P. multocida cya gene produced different levels of cAMP demonstrated that enzyme III-glucose is involved in the activation of P. multocida AC.
When glucose was used as the carbon source, the level of cAMP of the Acya strain containing the cyapM plasmid was lower (550 pmol/mg) than that obtained with pyruvate as the sole carbon source (about an eightfold increase) and very similar to that obtained with the Acya strain containing the cyaEC plasmid (400 pmol/mg). Thus, P. multocida AC activity (like E. coli AC) was inhibited during the glucose transport, as proposed by Postma (16), i.e., because of a decrease of the intracellular concentration of phosphorylated enzyme III-glucose.
Different C-terminal truncated forms of E. coli AC have been shown to retain enzymatic activity (20) but have lost the regulation leading to the high production of cAMP in crp strains (4) . On the basis of these experiments, it has been proposed that E. coli AC is composed of two functional domains: the amino-terminal catalytic domain and the carboxy-terminal regulatory domain (20) , the latter being required for both the glucose effect and the CAP-dependent activation process (4) . In the case of P. multocida AC, both truncated forms were active (as shown by the complementation experiments) but no cAMP excretion was obtained on MacConkey plates with the Acya Acrp strain containing either pPMA140 or pPMA150 carrying truncated genes (Fig.  1) . When the minicell-producing cell AR1062 was transformed with plasmid pPMA140, a polypeptide of the ex- 
